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Carmelisinga b s t r a c t
Engineered bamboo is increasingly explored as a material with signiﬁcant potential for structural appli-
cations. The material is comprised of raw bamboo processed into a laminated composite. Commercial
methods vary due to the current primary use as an architectural surface material, with processing used
to achieve different colours in the material. The present work investigates the effect of two types of
processing methods, bleaching and caramelisation, to determine the effect on the mechanical properties.
A comparison to other engineered bamboo and timber products is also presented. The results of the study
indicate that processing does affect the mechanical properties of engineered bamboo products. Areas in
need of further research are also identiﬁed for thermally treated bamboo to be used in structural
applications.
 2015 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction bamboo is a giant grass consisting of a hollow culm having longi-Research and development of engineered bamboo products is
increasingly explored to design sustainable building materials for
the built environment. Bamboo is recognised as a material that
can serve as a competitive and environmentally friendly alterna-
tive to conventional construction materials [1]. Bamboo grows
rapidly and matures to structural strength within 3–5 years, which
allows the material to be harvested more quickly than conven-
tional materials such as timber [2]. With over 1200 species world-
wide, bamboo has the potential to serve as an alternative
construction material, however the use of bamboo in construction
is currently limited to cultural traditions and marginally engi-
neered applications due to the lack of standardisation and inherent
variability of the material within and between species [3,4].
As an anisotropic material with mechanical properties that vary
in the longitudinal, radial and transverse directions, the rawtudinal ﬁbres aligned within a lignin matrix, divided by nodes
(solid diaphragms) along the culm length (Fig. 1). The thickness
of the culm wall tapers from the base to the top of the culm. As
a functionally graded material, the ﬁbres also vary within the culm
wall, decreasing in density from the exterior to the interior (Fig. 1).
Although the raw material has excellent strength properties, the
circular section and inherent variability limits its widespread use
in structural applications. To increase utilisation, engineered bam-
boo was developed as a laminated composite, which maintains the
inherent strength of the raw material to form with a uniform sec-
tion, thus reducing the variability in properties [5].
The composite maintains the strength of the longitudinal ﬁbres
and creates a uniform section for connections and joints. A rela-
tively new product, laminated bamboo is progressively marketed
for construction. The material is being researched and developed
globally with varying manufacturing methods and technologies.
Lack of standardisation within the industry also creates variability
in the production process and therefore in the materials
themselves.
Fig. 1. Details of a bamboo culm.
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sheet, a board product that is primarily used indoors for ﬂooring
or surface applications. The board consists of a bamboo culm,
which is split, planed and laminated (Fig. 2). The raw bamboo
material undergoes one of two processes for treatment: bleaching
or caramelisation. The split and planed bamboo strips which are
bleached in a hydrogen peroxide bath at 70–80 C form the basis
for the material commercially referred to as natural bamboo [6].
In contrast, the carmelisation process uses pressurised steam at
approximately 120–130 C [6] to caramelise the sugars in the bam-
boo to obtain the deeper brown colour referred to as caramelised
or carbonised bamboo. The depth of the colour of the material
differs based on the duration of treatment, which can vary from
4 to 8 h [6]. Commercially, the caramelised colour is preferred for
surface applications, however the effects of processing on the
mechanical properties is unknown.
1.1. Processing effects in bamboo
Studies of the impact of processing on the properties of engi-
neered bamboo are limited. The chemical composition of bamboo
is known to consist of cellulose, hemicellulose, lignin, ash and
other extractives [7]. The content varies between and within
species and is dependent on the age of the culm, the location along
the height and within the wall thickness [7]. Similar to timber, the
chemical composition is altered when thermally treated. The effect
of thermal treatment of bamboo is not yet established and most
studies investigate the effects in connection with the potential
for biomass, or explore non-structural applications of full culm
bamboo, such as furniture.
Although biomass applications utilise temperatures above
those used in the engineered bamboo processing, the effects on
the properties are useful for understanding the changes in com-
position. Studies on bamboo charcoal have shown that the heat
treatment of bamboo up to 200 C degrades hemicellulose, and free
water is generated due to the chemical breakdown [8]. The resultsFig. 2. Laminated bamboo general msupport the typical reduced equilibrium moisture content of ther-
mally treated bamboo. The changes in moisture content can also be
related to the mechanical strength of the material. Zhang et al. [9]
investigated the effect of thermal treatment on Phyllostachys
pubescens (Moso) bamboo. The study used different temperatures
and durations of treatment. The results indicated that the modulus
of rupture increased up to treatment at 120 C and then steadily
decreased, while the modulus of elasticity showed a slight increase
up to treatment at 140 C. The authors also found that the modulus
of rupture correlated with the mass loss due to thermal treatment,
which occurred due to degradation of holo-cellulose and alpha-cel-
lulose. Similar effects were noted in heated treated Dendrocalamus
barabtus Hsueh et D.Z. Li and Dendrocalamus asper Backer ex Heyne,
which indicated that slight modiﬁcation of the material occurred at
130 C with additional modiﬁcation and degradation at increased
temperatures, with treatment temperature found to be more sig-
niﬁcant than the duration [10]. The effects of treatment appear
to vary by species. Colla et al. [11] explored the impact of heat
treatment on Dendrocalamus giganteus Munro, also known as giant
bamboo. The authors found that thermal treatment increased the
dynamic modulus and modulus of rupture up to 140 C, with
additional increase in temperatures resulting in decreased strength
and degradation at a micro-scale level. In contrast, the thermal
treatment improved the dimensional stability of the samples.
The brief review of published studies indicates there is some
degradation at the processing temperatures and durations that
are used for laminated bamboo. The extent of the impact of
changes to chemical composition on the mechanical properties of
engineered bamboo is not fully understood. Similar effects have
been observed in thermal treatment of timber.
1.2. Processing effects in timber
In timber, thermal treatment is used to increase dimensional
stability, reduce moisture and improve durability. Modiﬁcation
results in changes to the chemical structure and the mechanicalanufacturing process in China.
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reduce the tensile and bending properties of wood, making the
material more brittle in comparison to untreated timber, however
new methods (i.e. acetylation and hydro-thermal) that may reduce
the negative impacts of thermal treatment are under development
[20]. As with laminated bamboo, the treatment method, duration
and temperature have different effects on the properties.
Although the use of thermal treatment can increase durability, its
use is limited in structural applications of timber due to the losses
in strength. Further research is needed to establish the effect of
thermal treatment on the chemical and mechanical properties on
natural materials.
1.3. Objectives
Development of engineered bamboo for structural applications
is growing. Studies vary from utilising whole bamboo culms and
processing the material into commercial board products that are
then manufactured into a structural member. The method of pro-
cessing the material varies greatly and the effects of processing
treatments have yet to be fully explored. The present work inves-
tigates the mechanical properties of two commercial laminated
bamboo products: bleached and semi-caramelised bamboo. The
results will be compared to other bamboo and wood products.
The objective of the present study is to determine the inﬂuence,
if any, of processing on the mechanical properties of engineered
bamboo products.
2. Materials and methods
Commercially produced sheet products from China were used in the study. The
bleached laminated bamboo board is comprised of P. pubescens (Moso) with a soy-
based resin (Fig. 2). The average density of the bleached laminated bamboo is
644 kg/m3 with moisture content of 8%. In comparison, the use of steam treatment
darkens the colour of the material, with a shorter treatment time used to achieve
what is referred to herein as the semi-caramelised colour (Fig. 2). The semi-carame-
lised laminated bamboo board is also manufactured with P. pubescens using a
polymeric methylene di-isocyanate (PMDI) resin. The average density of the
semi-caramelised laminated bamboo is 673 kg/m3 with moisture content of 7%.
2.1. Specimen preparation
The structural specimens were built up from a commercial laminated bamboo
sheet (2440  1220  19 mm), which is cut and further laminated into a section
having the desired dimensions using polyurethane adhesive (Purbond HB S309).
The adhesive was applied manually with a glue proportion of 180 g/m2 (ﬁnalFig. 3. Laminated bamboo manufacturing process: (a) single lamina, (b) application of
caramelised radial vertical orientation, (f) location of strain gauges and (g) instrumentaproduct). The lamina were then pressed using manual clamps to apply the required
pressure of 0.6 MPa for 4 h (Fig. 3c). Within the board the individual strips can be
oriented with the original radial direction oriented horizontally or vertically
(Fig. 2). Industry utilises the terms edgewise and ﬂatwise, referring to the orienta-
tion of the smaller dimension of the strip within the board, however the description
is not well-deﬁned in the beam section. For clarity, the orientation will be herein
referred to as radial horizontal and radial vertical, as shown in Fig. 3d and e, which
identiﬁes the original radial direction of the strip. The semi-caramelised bamboo
was only tested in the radial vertical orientation. All specimens were conditioned
at a constant temperature of 23 C and a relative humidity of 55% for 2 weeks before
testing. Strain gauges were used on a small number of bending specimens and
placed along the side, top and bottom faces of the beam, as shown in Fig. 3f and g.
To obtain the material and mechanical properties, tension, compression, shear
and ﬂexural tests were conducted based on BS 373 Methods of testing small clear
specimens of timber [21], ASTM D143 Standard Test Methods for Small Clear
Specimens of Timber [22] and BS EN 408 Timber structures – Structural timber and
glue-laminated timber [23]. BS 373:1957 cross references ASTM D143-09 and both
are based on small clear specimens, whereas BS EN 408:2010 focuses on dimen-
sional lumber samples. Small clear specimens were tested in an Instron Universal
Testing Machine in displacement control. The full-scale bending tests were con-
ducted in a customised test frame with a 100 kN hydraulic ram used to apply the
load through a spreader beam under displacement control. The standards, test
methods, and test parameters used are summarised in Table 1.
The same method of testing was used for both materials and the small clear
specimens were obtained from the laminated beam at random and cut to the speci-
ﬁed size. For the tension parallel to grain specimens, the specimens had two proﬁles
as speciﬁed in ASTM D143 [22]. The specimens were initially cut with a water-jet
from a laminated board and then routed to complete the second proﬁle. During
specimen preparation, it became clear through using the woodworking machinery,
that the bleached material was softer than the semi-caramelised and prone to
splintering.3. Results
A summary of the test results is presented in Table 2 with addi-
tional observations for each mechanical property presented in the
sections below. All of the mechanical properties were calculated in
the linear elastic region at the limit of proportionality as required
by the standards. Table 2 lists the average xð Þ and the coefﬁcient
of variation (COV); ten specimens were tested in every case (i.e.
n = 10).
3.1. Tension
Fig. 4 shows the results for both materials in tension parallel
and perpendicular to grain tests. In tension parallel to grain
f tk
 
, both the bleached and semi-caramelised laminated bamboo
exhibited linear behaviour prior to failure (Fig. 4a and c). Theglue, (c) clamped specimen, (d) bleached radial horizontal orientation, (e) semi-
tion of beam.
Table 1
Experimental test methods for laminated bamboo.
Standard Test method Test schematic Direction n Specimen size (mm) Loading rate (mm/min)
ASTM D143 [22] Tension a Parallel to grain 10 25  25  460 1.0
b Perpendicular to grain 10 62  50  50 2.5
BS 373 [21] Compression c Parallel to grain 10 20  20  60 0.635
d Perpendicular to grain 10 50  50  50 0.635
BS 373 [21] Shear e Parallel to grain 10 50  50  50 0.635
BS EN 408 [23] Four-point bending f – 10 60  120  2400 10
Table 2
Material properties for structural bamboo and comparable bleached bamboo and timber products.
Density Compression Tension Shear Flexural EbI
q f ck f c? f tk f t? sk f b Eb
kg/m3 MPa MPa MPa MPa MPa MPa GPa kN-m2
Bleached bambooa x 644 55 a 124 3 14 76–79 10.2–10.5 79–89
COV a 0.09 0.15 0.15 0.14 0.09 0.09–0.07 0.08–0.06
Semi-carameliseda x 673 60 22 116 3 17 79 10.4 81
COV 0.01 0.04 0.07 0.20 0.11 0.03 0.12 0.08
Caramelised bamboob x 686 77 22 90 2 16 77–83 10.8–12.9 82–103
COV 0.05 0.05 0.07 0.26 0.13 0.05 0.06–0.08 0.05–0.06
Raw bamboo Phyllostachys pubescensc,d x 666 53 – 153 – 16 135 9
Sitka sprucee,f x 383 36 – 59 – 9 67 8
Douglas-ﬁr LVLg,h x 520 57 – 49 – 11 68 13
a Present study.
b Sharma et al. (2015) [24].
c Ghavami and Marinho [25].
d de Vos [26].
e Lavers [27].
f Kretschmann [28].
g Kretschmann et al. [29].
h Clouston et al. [30].
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strength of the laminated bamboo perpendicular to the ﬁbre direc-
tion (Fig. 4e and g). The perpendicular to grain curves indicate
some initial slack in the grips at low stresses (<0.5 MPa), however
the data was included as the specimen was increasing in load as
well. Tension perpendicular to grain failures occurred at various
locations within the anvil (Fig. 4f and h). All failures occurred
through the bamboo rather than within the adhesive for both
materials. The bleached material had a slightly higher tensile
strength (Table 2). Comparable to other bamboo-based materials,
the parallel tensile strength for both materials was more than 40
times the perpendicular strength.
3.2. Compression
In compression parallel to grain f ck
 
, both materials demon-
strated a bilinear behaviour with the specimens showing a buckled
shape at failure (Fig. 5b and d). All of the specimens failed in overall
section buckling with no typical shear failures observed, although
splitting was observed in the bleached laminated bamboo (Fig. 5b).
The buckling behaviour is consistent with other compression stud-
ies [24,31,32] and is interpreted as the strength for the sample
dimension used rather than the compressive capacity of the mate-
rial [24]. In recognition of this limitation, the compressive strength
is determined at the proportional limit in all cases (the knee in the
bilinear curve). In compression perpendicular to grain f t?ð Þ, bothmaterials demonstrated a linear increase in load, followed by a
plateau and hardening (Fig. 5e and g). The failures resulted in
bulging of the specimens and cracks within the laminates
(Fig. 5d and h). The semi-caramelised laminated bamboo demon-
strated a slightly higher capacity in both compression parallel
and perpendicular to grain (Table 2).
3.3. Shear
In shear parallel to grain sk
 
, the behaviour of the two materi-
als is comparable (Fig. 6). The semi-caramelised bamboo demon-
strated a more uniform behaviour and achieved a larger shear
stress than the bleached laminated bamboo material (Fig. 6c).
The bleached laminated bamboo is noted to have a higher
compressibility before the shear failure occurred within the ﬁbres
(Fig. 6b). In comparison, the failure surface of the semi-caramelised
was much rougher (see Fig. 6d). The average shear strength of the
semi-caramelised bamboo was slightly higher (17 MPa) than the
bleached laminated bamboo (14 MPa).
3.4. Bending
Bending results for both materials are shown in Fig. 7. Large
deﬂections were observed for both materials in bending (Fig. 7a
and d). All failures occurred in the tension face of the specimens
at mid-span. The depth of failure varied between the two
Fig. 4. Tension parallel to grain results and specimen failures in (a,b) bleached and (c,d) semi-caramelised laminated bamboo. Tension perpendicular to grain results and
specimen failures in (e,f) bleached and (g,h) semi-caramelised laminated bamboo.
Fig. 5. Compression parallel to grain results and specimen failures in (a,b) bleached and (c,d) caramelised laminated bamboo. Compression perpendicular to grain results and
specimen failures in (e,f) bleached and (g,h) caramelised laminated bamboo.
Fig. 6. Shear parallel to grain results and specimen failures in (a,b) bleached and (c,d) caramelised laminated bamboo.
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as longitudinal shear failures (i.e. VQ/I failures) (Fig. 7b and e). In
comparison of orientation, the bleached laminated material
showed increased stiffness in the radial vertical orientation (solidlines in Fig. 7a) with an average modulus of elasticity (Eb) of
10,471 MPa, with the radial vertical oriented semi-caramelised
demonstrating similar bending strength and stiffness with an aver-
age Eb of 10,440 MPa. As shown in Fig. 7a, the bleached radial
Fig. 7. Four point bending bleached laminated (a) results, (b) specimen failure and (c) representative strain proﬁle. Four point bending semi-caramelised laminated bamboo
(d) results, (e) specimen failure, and (f) representative strain proﬁle.
Table 3
Results from one-way ANOVA with a 95% conﬁdence level comparing the mechanical properties of bleached and caramelised laminated bamboo [24].
Compression Tension Shear Flexural
f ck f c? f tk f t? sk Eb
p-Value 1.49E09 7.59E04 1.93E03 3.05E06 3.38E04 7.19E07
100 B. Sharma et al. / Construction and Building Materials 83 (2015) 95–101horizontal orientation (dashed lines) performed within range of
the radial vertical, however with a slightly lower bending modulus
(10,223 MPa).
Strain gauges were used on a select number of samples. Fig. 7c
and f show representative strain proﬁles throughout the test at the
gauge locations in the beam section. For example, 0 mm is the
bottom, or tension face, of the beam, while 60 mm is mid-height
and 120 mm represents the top, or compression face of the beam.
The neutral axis remains the same until approximately 15,000 N in
the bleached bamboo and 20,000 N in the semi-caramelised at
which point the axis begins to shift toward the bottom of the beam.
The load steps coincide with the shift from the initial linear load-
displacement curve of the graph in Fig. 7a and d. The strain gauges
indicate the top face of the beams undergoes large amounts of
compression, with the tension face of the semi-caramelised mate-
rial at approximately 15,221 microstrain and the bleached bamboo
slightly less at 12,355 microstrain at failure.
4. Discussion
The results indicate that the mechanical properties of bleached
and semi-caramelised laminated bamboo are within range and not
order of magnitudes different. While the failures occurred within
the bamboo and not in the original lamination, the comparison
of the bleach and semi-caramelised is limited due to the difference
in initial adhesive (soy vs. PMDI). For a more direct comparison, a
single ANOVA factor analysis was conducted on the bleached
material and additional data from a previous study on caramelised
laminated bamboo [24], to determine if there was an effect ofthermal processing on the mechanical properties. Both materials
are commercial sheet products manufactured with the same
soy-based adhesive. The statistical results are summarised in
Table 3 and indicate the difference in the properties of bleached
and caramelised materials are statistically signiﬁcant in all proper-
ties, with p-values well below the 95% conﬁdence level.
The compressive and shear stress (Table 2) appear to increase
with additional processing and thermal treatment. In contrast,
the tensile properties decrease with greater processing while the
modulus of rupture in bending is maintained. The cause of this
change is unknown and may be attributed to changes in the chemi-
cal composition of the material. The major difference between the
materials is the approximate 20% increase in bending modulus of
elasticity (Eb) with increased processing and thermal treatment.
While the higher bending modulus is advantageous, it creates a
more brittle material and the limitation is longitudinal splitting
failure, a common failure mode of full culm bending specimens
[33,34]. While the ﬂexural properties are comparable to or surpass
that of timber, the inherent ﬂexibility of bamboo results in deﬂec-
tions which exceed standard limits of serviceability. Thermal treat-
ment increases the bending stiffness EbIð Þ of the material, as shown
in Table 2, in which the radial vertical orientation and caramelisa-
tion provides a 16% increase in stiffness over the bleached and
semi-caramelised materials. In comparison to the reviewed stud-
ies, laminated bamboo appears to follow the trend of timber in that
thermal treatment reduces the modulus of rupture f bð Þ and slightly
increases the modulus of elasticity Ebð Þ at low processing tempera-
tures. Further studies are required to establish characteristic
strengths and design values.
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The presented work investigates the effect of processing on
engineered bamboo. Two materials, bleached and semi-carame-
lised laminated bamboo, were explored. The experimental results
indicate that the thermal processing method has an effect on the
mechanical strength of the materials, in particular the treatment
affects the behaviour and properties in bending. The results indi-
cate that the compressive and shear strength parallel to grain
increase with thermal treatment. In comparison, the perpendicular
strength in compression and tension parallel to grain decrease
with caramelisation. Comparison of the bleached and caramelised
material indicates that the difference in mechanical properties is
statistically signiﬁcant.
Further research is needed to fully capture the changes in the
mechanical properties and the chemical composition of the pro-
cessed materials to determine the relationship on a cellular level.
The results of the study indicate that the types of processing may
be useful in creation of a hybrid composite to take advantage of
the differences in strength between the thermal treatments.
Additional research may also lead to optimisation of the processing
method and the mechanical properties of engineered bamboo.
Overall, the effects of thermal treatment need to be further inves-
tigated to determine the appropriate structural applications of
engineered bamboo.Acknowledgements
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